Abstract: The structural and thermodynamic basis for the strength and selectivity of the interactions of minor-groove binders (MGBs) with DNA is not fully understood. In 2003 we reported the first example of a thiazole containing MGB that bound in a phase shifted pattern that spanned 6 base-pairs rather than the usual 4 (for tricyclic distamycin-like compounds). Since then, using DNA footprinting, nuclear magnetic resonance spectroscopy, isothermal titration calorimetry and molecular dynamics, we have established that the flanking bases around the central 4 being read by the ligand have subtle effects on recognition. We have investigated the effect of these flanking sequences on binding and the reasons for the differences and established a computational method to rank ligand affinity against varying DNA sequences.
By understanding the rules that govern the tight, side-by-side binding of ligands with the DNA minor groove it has become possible to develop tailored approaches to drug design. These developments have precipitated the design of sequence reading molecules with DNA specificities and affinities comparable to DNA-binding proteins and have allowed convincing demonstrations of an ability to interrupt gene expression in vitro. [1] [2] The development of minor groove binders (MGBs) proceeded from the observation that netropsin and distamycin bound selectively in the DNA minor groove by a combination of hydrogen bonding with the bases on the groove floor allowed by their natural curvature. [3] [4] [5] [6] A significant breakthrough in the field came with the observation that a number of MGBs could bind in the minor groove as a side-by-side 2:1 complex. 7 Whilst hydrogen bonding to the groove floor endowed specificity for particular sequences, lipophilic interactions with the groove walls were also highly relevant. [8] [9] The balance between enthalpic and entropic contributions to MGB binding is the subject of extensive research, and appears to vary with both MGB structure and the binding sequence of the DNA. 10 Over the past ten years, we have prepared a library of over 200 MGBs made up from heterocyclic and head/tail groups that seek to recognize both the hydrogen bonding capacity of the groove floor to achieve specificity, and to exploit the lipophilic nature of the groove walls to enhance affinity. [11] [12] [13] [14] Significantly, we have found that the heterocyclic N-alkyl or Calkyl groups can play a crucial role in extending the reading frame of the ligand from four to six base pairs. The first, well-characterized example of this effect was our detailed studies by NMR, 12 isothermal calorimetry and molecular modelling 15 of the high affinity binding between the DNA duplex d(CGACTAGTCG) 2 and thiazotropsin A 1. Our footprinting data 16 have shown that the generic sequence 5´-XCYRGZ-3´ forms the reading frame for 1 where X is any base except C and Z is any base except G. These alterations to the flanking bases of the DNA reading frame for 1 have subtle consequences for binding, 16 and have not been explained in structural or energetic terms.
In order to determine the reasons for this behaviour by 1, and hence to provide a basis for the design of further selective small MGBs, we have examined its interaction with oligodeoxynucleotides (ODNs) containing different flanking bases around the central 5′-CTAG-3′ motif using a combination of NMR spectroscopy, isothermal titration calorimetry (ITC) and molecular simulation. We describe for the first time a rapid and efficient simulation protocol that can rank the binding affinities for ligands binding 2:1 in a side-byside fashion.
Analysis of the 1 H NMR data for the complex between 1 and 5´-CGACTAGTCG-3´ ( Figure 1a ) had already established that minor groove binding occurs with a staggered 2:1, head-to-tail, side-by-side binding motif 17 at the indicated (underlined) reading frame. 12 The same characteristic NMR resonance pattern also occurs for the binding of 1 to both 5´-d(CGTCTAGACG)-3´ and 5´-d(CGGCTAGCCG)-3´ (Figures 1b and c respectively) , all of which produce outstanding quality 2D NOESY NMR data sets. In stark contrast, the binding of 1 to 5´-d(CGCCTAGGCG)-3´ can at best be described as 'poor', being characterized by broad NMR resonances ( Figure 1d ) and ill defined cross-peaks in 2D NOESY NMR spectra. Our data suggest that whilst DNA binding occurs between 1 and 5´-CCTAGG-3´, the complex formed is 'loose'.
Our evaluation by ITC (for full experimental details, see Supporting information) of the binding between 1 and the four different sequences in question confirmed the subtle influences of the CTAG flanking sequences in thermodynamic terms ( Figure 2 and Figure  S2 ; Table S1 ); the three sequences that produced high quality 2D NOESY NMR data sets had significantly more favorable binding free energies with 1 than 5'-d(CGCCTAGGCG)-3´, which reflected lower affinity binding by this last sequence observed by NMR. Indeed, the enthalpogram for this sequence when titrated with 1 lacked the characteristic steep inflection curves that characterize minor-groove binding ligands with ODNs ( Figure 2 ). 18 Based on the high quality NMR spectra for the efficient binding sequences with 1, we were able to produce co-ordinates for the complexes 12 (manuscript in preparation). In the absence of an equivalent data set for 1 binding with 5'-d(CGCCTAGGCG)-3´, we examined these complexes to identify the reason for poor binding. We recognised the exocyclic amino group of G 8 in the DNA minor groove as creating steric crowding in the vicinity of the dimethylaminopropyl (Dp) tail of 1. We therefore proposed like others before us 19 that removing the G 8 exocyclic NH 2 (i.e. replacement of G 8 in 5´-d(CGCCTAGGCG)-3´ by inosine, I 8 ) would restore the quality of complex formation in a 2:1 mixture with 1. As the data suggest, the binding between 1 and 5´-d(CGCCTAGICG)-3´ falls into the same class as all previous tight binding complexes (Figure 1e ). Characteristic patterns in the NMR data (in particular the 31 P chemical shift of the phosphorus 3´ to T 5 at highest ppm, Figure S1 ) indicate that the complex formed between 1 and 5´-d(CGCCTAGICG)-3´ resembles that for 5´-d(CGACTAGTCG)-3´. Analysis by ITC confirmed that replacement of G 8 by I 8 in the sequence was thermodynamically favorable for binding 1 (Figure 2 , Table S1 ), and in fact, produced the most stable complex of the five sequences.
To examine these complexes in more detail, we subjected the solved structures to MD analysis. We have recently reported the first attempt using combined MD/MM-PBSA calculations to obtain absolute binding free energy data for 2:1 side-by-side binding of a ligand with DNA. 15 To generate experimentally-relevant binding simulations for 1 binding with the DNA duplex 5'-d(CGACTAGTCG) 2 -3', we demonstrated that the optimum method relied on a separate trajectory approach (complex and unbound forms simulated separately) using explicit water with the polarizable AMBER force field ff02. 15 The disadvantage of this approach is that its high computational demand (three trajectories need to be generated using a polarizable force field and post-processed to generate the required thermodynamic parameters) does not readily lend itself to the analysis and comparison of multiple complexes. We therefore explored the use of less expensive implicit MD, which would be applicable to drug discovery programmes that contain large libraries of ligands, like our own. We used the co-ordinates generated by our NMR studies to explore whether implicit MD simulations could reproduce the ranking order of binding for 1 in the tight-binding complexes with 5'-d(GCGACTAGTCGC) 2 -3', 5'-d(GCGTCTAGACGC) 2 -3', 5'-d(GCGGCTAGCCGC) 2 -3', and 5'-d(GCGCCTAGICGC) 2 -3' . . To examine the efficiency of different GB models in AMBER, we compared a standard pair wise descreening GB (HCT, igb=1) 20 
and a modified version by Onufriev and coworkers (OBC(II), igb=5).
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A non-polarisable force-field (FF03) 22 in AMBER was used for all MD simulations. The two GB solvation models (igb=1 or 5) were applied employing Langevin dynamics with a collision frequency equal to 1 throughout the 10 ns simulations. The temperature was maintained at 300 K. The binding free energies were the average of 100 snapshots taken from the last 5 ns of the implicit MD simulations. Only 10 snapshots from the last ns were kept for Normal Mode Analysis (NMA) to evaluate the entropy. The full simulation protocols can be found in the Supporting Information. Our NMR and ITC studies indicated the presence of only the 2:1 complex structure during titration with the ligand; indeed, all our experimental studies have thus far found no evidence for the formation of an initial 1:1 complex prior to 2:1 binding, and that thiazotropsin type ligands behave like head-to-tail dimers in solution, and monomers are not present at the ligand concentrations under investigation. 23 In line with our previous study, we have therefore used the thermodynamic cycle represented in Figure 3 and expressed the parameters that can be calculated using the MM-PBSA methodology to obtain binding free energies of ligands with various ODNs by solving equations 1-3.
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Comparison of the experimental and simulated relative free energies (ΔG Rel ) 24 of the ligand dimer binding with DNA are shown in Figure 4 (actual experimental and theoretical values are summarized in table S3). Our results indicate that ΔG Rel from the implicit MD simulations (igb=5) of the single trajectory reproduced the ranking order of affinity (CCTAGI >ACTAGT>TCTAGA>GCTAGC), and represents the first report of a simulation method that can rank 2:1 ligand binding free energies in line with experiment. Furthermore, it is also computationally efficient, running 14 times faster than explicit MD on our architecture (the UK National Grid Service).
Finally, to determine whether our simulation protocol could rank affinities for related ligands, we calculated the binding energies for two analogues of thiazotropsin A (2 and 3) , which we investigated by ITC, but not by NMR. The preparation of 1 and 3 has been described previously, 11, 14 whilst details for the preparation and characterization of 2 can be found in the Supporting Information. The implicit MD simulations (igb=5) yielded ΔG Rel.
values of -5.0 and -9.8 kcal/mol for analogues 2 and 3 respectively bound to the ACTAGTcontaining ODN, and their ranking reflects the values obtained by ITC ( Figure 4 , Table 1 ). Examination of the absolute enthalpic (ΔH abs ), entropic (TΔS abs ), and free energy (ΔG abs ) terms of 5'-d(GCGACTAGTGCG) 2 -3' binding to 1, 2, and 3 obtained from both simulation and experiment can help provide insight into the drug design process. According to Table 2 , despite the isopentyl group being enthalpically favorable through enhanced lipophilic contacts in accordance with our design paradigm, the greater flexibility of this chain generates a greater entropic penalty on binding than is compensated by enhanced lipophilic interactions, and thus reduces the binding affinity of 2 for the ODN. Similarly, comparison of 1 with 3 shows that replacing the dimethylamino propyl tail with a morpholino ethyl group is more favorable enthalpically through hydrogen bonding between the morpholine oxygen and the ODN, but again, the entropic penalty negates this enthalpic gain.
In conclusion, whilst our aim is to enhance DNA recognition through enhanced lipophilic interactions, the subtlety of DNA recognition continues to be strongly influenced by favorable matching of three-dimensional shape, hydrogen bond partnering and conformational considerations. We believe that the information provided by this type of detailed study will be important in informing the design and implementation of modelling parameters capable of identifying potentially 'good' and 'bad' binders on the basis of such structural subtleties observed here. 
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